The complexation isotherms of DNA plus lipids of a symmetric lamellar cationic lipid-DNA system were determined within a mean field free energy. The free energy incorporates the ion's finite size of NaCl simple electrolyte in solution and makes use of known structure data on this complex. The results for the predicted isotherms are in qualitative agreement with the trends of the experimental data for this property.
I. INTRODUCTION
Cationic lipid-DNA ͑CL-DNA͒ complexes are promising vectors to be used in gene therapy. [1] [2] [3] [4] [5] [6] [7] [8] In recent years their internal structure was determined with high resolution x-ray small angle diffraction experiments. [9] [10] [11] It was shown that these complexes present an equilibrium lamellar stack of lipid layers with intercalated DNA macromolecules distributed in a two-dimensional crystalline array. Experiments show that the internal structure of these systems depends on cationic to neutral lipids composition molar fraction on bilayers and the overall cationic lipid to anionic DNA molecular weight ratio . 9 It is also affected by the addition of the simple electrolyte salt NaCl in solution. 10 For a given lipid composition the phase evolution of its structure manifests through complexation isotherms of the DNA's average separation distance R as a function of , displaying three characteristic regions. The following is observed a region where complexes coexist with excess DNA, then a phase of neutral complexes where all positive charge of lipids is compensated by DNA negative charge, and finally a phase where complexes coexist with cationic liposomes, for increasing . The first detailed theoretical explanation of the complex phase evolution was given by Harries et al. 12 who developed a complete theoretical framework to study the structural isotherms with a nonlinear Poisson-Boltzmann ͑PB͒ mean field energy. In their work Harries et al. considered the presence of NaCl electrolyte, which was modeled as a pointlike salt. They demonstrated that the main mechanism underlaying DNA-lipid self-assembly was driven by counterion release into bulk solution of the previously condensed counterions on single DNA and cationic liposomes. 13 An important effect taken into account in their theory was the mobility of the charged head groups forming the bilayers, which leads to a novel boundary condition on the system's electric field within the framework of the PB theory. 12 Also coupling of bilayer curvature with its charge density modulations were studied by Harries et al., 14 and the full phase diagram of complex overall structure as a function of bilayers lipid composition was studied with their theory. 15 Moreover, a recent work by Fleck et al. 16 made an extension of the work by Harries et al. to incorporate the solution's pH and charge group dissociation effects, and its coupling to lipid's mobility degree of freedom. This way, they generalized the approach of Harries et al. to a new boundary condition on PB equation. Yet, an analytical study of the PB free energy for low lipid's density and salt free solution case was undertaken by Bruinsma. 17 In this paper we extended the work of Harries et al. 12 and generalized the PB free energy of their theory to include steric effects, due to finite size of salt ions, on the equilibrium R values of CL-DNA self-assembled complexes. Our extension is based on the work of Borukhov et al., 18 who developed a modified PB free energy that takes into account effects of short-range excluded volume interactions of ions in the inhomogeneous ion's density close to highly charged surfaces and bulk electrolytes. Borukhov et al. showed that such short-range interactions can become comparable to the Coulomb ones at high salt concentration. A similar PB free energy incorporating ion's excluded volume interactions was put forward by Iglic and Iglic. 19 In this work we followed the same philosophy as the pioneering work of Harries et al. 12 and utilized their approach to determine thermodynamic equilibrium properties such as the mean field energy of complex and interaxis DNA distance as a function of for given bilayer lipid composition. Using reported experimental data by Koltover et al. 10 on the complex structural parameters and a model of equal ions size and case of highly charged lipid layers, we find that ion's size effects lead to small corrections to the predicted isotherms as a function of and membrane charge, with respect to those obtained from a pointlike ion's model.
II. MEAN FIELD FREE ENERGY OF CATIONIC LIPID-DNA SELF-ASSEMBLY
Due to the internal symmetry of the complex, we consider the unit cell depicted in Fig. 1 
where
is the electrostatic energy of the complex. In Eq. ͑1͒, f ion is the entropy of mixing of ions and water molecules, as proposed by Borukhov et al. 18 for finite ion's size
where we incorporated the term Ϫ(1Ϫ2c*d i 3 )ln(1Ϫ2c*d i 3 ) for d i 0 due to the difference in ions concentration inside complex and bulk solution in the same way as in the approach of Harries et al. 12 Equation ͑3͒ extends the theory of Harries et al., 12 first proposed for point-like ions. It reduces to their original result in the limit of negligible ion's size d i or low concentration c*. The last term in Eq. ͑1͒, f lipid , was first introduced in the theory of Harries et al. to include in a mean field level the lipid's size and entropy of mixing of mobile DOTAP and DOPC molecules in the two charged bilayers:
with k B being the Boltzmann constant and T being the temperature. Functional minimization of Eq. ͑1͒ with respect to c Ϯ leads to the known result of Borukhov et al. 18 for the profile concentration of positive (Na ϩ ) and negative (Cl Ϫ ) ions given by
The electric potential (x,y) satisfies the Poisson equation
By Gauss's law, also fulfills the boundary conditions
͑7͒
It is assumed that inside DNA and lipid bilayer the dielectric constant is zero. n is a unitary vector pointing outward the dielectric boundaries. Taking the variation of Eq. ͑1͒ with (x) for the given constraint of mobile charge density (x) on membrane, second part of Eq. ͑7͒, leads to the novel boundary condition first derived by Harries et al. for the surfactant profile ͑x ͒ϭ e
Since complexes are formed from cationic liposomes of surface charge e TAB /a, the surface density of cationic lipid (x) in a layer forming the complex satisfies for the conservation of charge equation
We assume the valence of ions is zϭ1. We will describe the thermodynamic phase evolution of the CL-DNA system in equilibrium with excess DNA as obtained by the equality of DNA chemical potential in the complex with that in bulk solution, F DNA . This equilibrium condition leads to the average separation R 1 between DNA strands that is according to the theory of Harries et al., 12 set by
The resulting equilibrium R 1 is constant as the parameter increases up to a maximun value 
͑13͒
Here RN c /L is the fraction of lateral ͑volume͒ space occupied by N c DNA molecules in complex with respect to the total lateral size L of free lipid layers. On the other hand, if cationic lipids are soluble, the condition that lipids must have the same electrochemical potential both inside complex and liposomes leads to the equation derived by Harries et al.,
In addition, the theory of Harries et al. states that it must fulfill the osmotic pressurelike equation of a compresible system,
For any of the two processes mentioned above, if one were to determine the equilibrium value R 2 of the DNA-DNA isotherm ͑region of complexϩexcess liposome͒ either from Eq. ͑12͒, or using Eqs. ͑13͒-͑15͒, then both R 2 and 2 will denote the starting point of isotherm for this region, respectively. However, they will lead to different numerical predictions for R 2 since they correspond to different approximations. Thus, R 2 will still be the upper bound of one phase complex region.
III. RESULTS AND DISCUSSION
The excess free energies of naked DNA, F DNA , and of charged lipid layer, F B , in a concentrated electrolyte solution are not known thermodynamic properties experimentally or from an exact theoretical model. Therefore, we have to resort to their full numerical calculation in a mean field level. 20 We performed this task with a PB equation valid for equal size ions and symmetric z:z electrolyte model. In fact both ionic species have different diameters; 1.9 Å for Na 21 The constant is obtained self-consistently from the overall electroneutrality condition
In this case Eq. ͑5͒ for c ϩ and c Ϫ no longer holds. 22 However, as said above, we have assumed ϩ ϭ Ϫ for all results presented in this paper. In a following paper 22 this restriction will be relaxed in order to obtain with higher accuracy all thermodynamic properties such as R versus . In Fig. 2 the excess energy for charging a DNA molecule as a function of ion diameter d i is depicted. Also in this figure are plotted the graphics of excess energy for charging a flat surfactant membrane and three cases of TAB ϭ0.8 ͑highly charged membrane͒, 0.5, and 0.3 ͑almost neutral membrane͒, obtained using a lateral squared cell size d w ϭ5l D and c*ϭ150 mM. It can be noticed that in all cases of Fig. 2 , charging energies enhance due to the increase in magnitude of steric effects ͓ f ion term in Eq. ͑1͔͒ with respect to zero size ions.
In order to find the DNA-DNA average separation distance R 1 we analyzed first the case of complex at equilibrium with excess DNA molecules in solution. Therefore, we use Eq. ͑10͒ that requires as an input the determination of the complex free energy F c (R) and F DNA ϭ( f f ield ϩ f ion )h, DNA charging energy. Following the work by Harries et al. 12 we depict the complex free energy F c ; in Fig. 3 are plotted TAP , information that we use in our geometry defining the unit cell volume Rϫd w ϫh of the complex. In Table I Table II below. In second column of Table II are provided numerical values of F DNA using a square cell size d w ϭ5l D , as a function of d i . It is now possible with the help of Eq. ͑10͒ to find the values of R 1 which are given in column 4, whereas Eq. ͑11͒ provides us column 5 that contains the predictions of the ratio 1 of cationic lipid/DNA, normalized to its isoelectric value 2.2. The onset of positively overcharged complexes is defined by the set (R 2 , 2 ) that is determined from column 6 of ␤F B , and from Eqs. ͑2͒-͑9͒ and Eq. ͑12͒, resulting in columns 7 and 8 under the condition of no lipid exchange. Similarly using Eqs. ͑13͒-͑15͒ are obtained columns 9 and 10 when there is lipid solubility. In order to verify the importance of ion size in the present model we give in Table II calculations performed with ion sizes d i ϭ1.9 Å and 3.62 Å. Table II contains our main results since it compares the prediction of the model outlined above, Eq. ͑1͒, with the reported experimental data of Koltover et al. 10 for the phase evolution of CL-DNA system. Such comparison is made in Fig. 5 where are plotted experimental complexation isotherms of DNA and charged lipids at different TAP are plotted. Also, in this figure are depicted the predicted value of (R 1 , 1 ) and (R 2 , 2 ) using only the lipid demixing conditions of Eqs. ͑13͒-͑15͒ with d i ϭ2.75 Å. Qualitatively, we can see they are in better agreement with the experimentally observed data than a pointlike ion model ͑see Table II͒ . Yet, the set (R 2 , 2 ) is better determined with lipid demixing rather than using the condition of no solubility. Particularly, equilibrium distances of separation between DNA strands, R 1 and R 2 , are better predicted for highly charged membranes ( TAB ϭ0.8), being closer to the average experimental values ( TAB ϭ1) than for the less charged cases ( TAB ϭ0.5, TAB ϭ0.3) where theory worsen. We find there is in general good qualitative agreement among theories with the prevailing trend of the experimental isotherms. However, we cannot assert whether ion finite size effects are an important quantitative correction to the complexation isotherms as compared to calculations for the same property when these effects are neglected. The experimental data for the isotherms contain large error bars ͑see Refs. 9-11͒, therefore, they do not allow a quantitative comparison between both the models considered. Further calculations are being carried out to allow for exact match of salt ions chemical potentials, and the introduction of hydration effects of the solvent molecules on bilayers and DNA-DNA interactions at high salt strength.
IV. CONCLUSION
In this paper we have made a theoretical study of shortrange excluded volume interaction of an electrolyte on the complexation isotherms of DNA-lipid complexes which exhibit the lamellar symmetry. We found that such effects lead to small corrections to the predicted isotherms ͑see for instance Fig. 5͒ with respect to the case where they are not taken into account. Nevertheless, both models considered ͑with d i ϭ0.0 Å and d i ϭ2.75 Å) lead to qualitative agreement with the general trends of the experimental isotherms. Our research was based on a generalization we made of the PB free energy of the theoretical framework developed by Harries et al. 12 to investigate the complex phase evolution thermodynamics. The resulting extended version of their PB free energy incorporates a modification of the ion's entropy of mixing to include steric effects. In the limit of low ion concentration or negligible ion size, it reproduces the known result of the mean field energy of the theory of Harries et al.
Aside from the lipids, DNA, and ion's electrostatic and excluded volume interactions, it would be also interesting to include the hydration interaction of solvent molecules which turns out to be relevant on the complex stability at high salt content ͑see 
